Abstract. Solar cell is expanding as green renewable alternative to conventional fossil fuel electricity generation, but compared to other land-used electrical generators, it is a comparative beginner. Many applications covered by solar cells starting from low power mobile devices, terrestrial, satellites and many more. To date, the highest efficiency solar cell is given by GaAs based multilayer solar cell. However, this material is very expensive in fabrication and material costs compared to silicon which is cheaper due to the abundance of supply. Thus, this research is devoted to develop multilayer solar cell by combining two different layers of P-I-N structures with silicon carbide and silicon germanium. This research focused on optimising the intrinsic layer thickness, p-doped layer thickness and concentration, n-doped layer thickness and concentration in achieving the highest efficiency. As a result, both single layer a-SiC and a-SiGe showed positive efficiency improvement with the record of 27.19% and 9.07% respectively via parametric optimization. The optimized parameters is then applied on both SiC and SiGe P-I-N layers and resulted the convincing efficiency of 33.80%.
Introduction
In modelling multilayer Silicon (Si) solar cell using silicon carbide (SiC) based solar cell layer, amorphous silicon (a-Si) alloy is considered as an important material of the multilayer solar cell based on many researches [1] [2] [3] [4] . a-Si alloy is a material that used to reduce the cost of solar cells in the future [5, 6] . The material is easy to dope compared to crystalline Si, hence the energy used in doping process can be saved [7, 8] . By combining a-Si and intrinsic layer formation, it has high optical absorption coefficient over the wavelength of solar spectrum that enable to fabricate thin film solar cell that can fully absorb the incoming light in its very thin thickness layer [9] . Hence, it can be used to design low cost thin film solar cell [10] .
P-I-N solar cell structure
In an a-Si alloy, the alloy needed to be hydrogenated because of amorphous silicon has different bond angles and bond length in single units of a-Si cell compared to crystalline Si [11] . Thus, a-Si has possibility to form dangling bond defect, which the certain bond will be totally missing Si atom. Therefore, hydrogen dilution is needed to prevent loss bonding of neighbouring Si atoms. Figure 1 shows the structure of P-I-N solar cell with its doping density. The top doping is p-layer while the bottom doping is n-layer of the solar cell. Two layers of Indium Tin Oxide (ITO) which is colourless and transparent are coated on the bottom and top of the solar cell to act as a contact. Combination of a-Si and intrinsic layer produced an a-Si layer with low dopant concentration which is important to form P-I-N structure of the solar cell. This EPJ Web of Conferences 162, 01044 (2017) DOI: 10.1051/epjconf/201716201044 InCAPE2017 design has high optical absorption coefficient over the wavelength of solar spectrum that enable to fabricate thin film solar cell that can fully absorb the incoming light in its very thin thickness layer [12] . The band gap energy of this combination of materials is high enough to cover relatively more high light intensity in solar spectrum compared to crystalline Si [13] . The intrinsic layer also has much stronger internal electric field to separate electrons and holes efficiently, which avoid additional energy losses [14] .
Operation of P-I-N solar cell
The operation of solar cell consists of two main steps. In the first step, photons are striking on the Si layer surface and absorbed at these layers to create free electrons and holes [15] . The energy of the photon must higher or equal to the band gap energy of these Si layers to ensure absorption of the photon. When the energy of photon is equal to the energy of the band gap, single electron hole pair will be generated without loss of energy. When the energy of photon is larger than the energy of the band gap, the excess energy of photon minus the band gap energy (E ph -E g ) will rapidly transform into heat after generation of the single electron hole pair. When the energy of photon is lesser than the band gap energy, the photon will either be reflected or absorbed elsewhere [16] . This low energy of photons will be absorbed due to impurities or defect introduced within the gap.
In the second step, these electron hole pairs have to be isolated by guiding the electron to one side and the holes to the other side of the solar cell device [16] . Thus, an internal electric field created by intrinsic layer can separate them by a potential difference as shown in Figure 2 . Figure 2 is not only an energy band diagram that shows the band gap energy of p-doped, n-doped layer and intrinsic layer of silicon, but it shows the larger separation of p-doped layer energy band and n-doped layer energy band which can separate electron at conduction band of n-doped layer recombination to valence band of p-doped layer. Hence, majority carriers of p-doped layer and n-doped layer which were electrons and holes that have opposite electric charges will move in opposite directions within an electric field to create a voltage for external use [16] . 
Design of P-I-N multilayer SiC solar cell
In all layers of multilayer silicon alloy solar cell shown in Figure 3 , p-doped a-H is hydrogenated amorphous material that doped with a p-type dopant, an intrinsic layer of a-H is hydrogenated amorphous material that doped lightly with n-type dopant, and N-doped a-H is hydrogenated amorphous material that doped with n-type dopant. The material for top layer is silicon carbide, middle layer is silicon, and bottom layer is silicon germanium. The blue material with band gap energy of 2eV is able to absorb short wavelength with high light intensity which will not only contribute high voltage but also high current with its high light intensity [17] . Secondly, green material (a-Si) with energy band gap in between 1.68eV and 1.75eV is prefect material to be the second layer only if third layer that absorbs red photon exist.
Details of the simulated solar cell
In order to simulate a-SiC/SiGe multilayer solar cells, a commercial simulation software application, Silvaco TCAD was used. The program computes the generating functions of electron-hole pairs from the optical parameters of each layer [18] [19] [20] . In this study, optical constants have been used, which are the refractive index and the extinction coefficient as functions of the wavelength for the layers used in the solar cell, of all individual layers as input optical parameters in the reference. 
Baseline parameter of single layer solar cell
Since amorphous silicon carbide and amorphous silicon germanium are amorphous silicon alloy, amorphous silicon is the most basic material that can be alloyed with other elements such as carbon (C) and germanium (Ge) [5] . Thus, baseline values of the parameters used to optimize the efficiency of every layer solar cell can be referred from the parameter values of efficiency optimized amorphous silicon single layer solar cell. The parameters of interest are intrinsic layer thickness, pdoped layer thickness, n-doped layer thickness, p-doped layer concentration and n-doped layer concentration. Other than that, the parameters that are constant were set by simulating to default value, only one parameter can be changed to find the maximum efficiency in order to optimize this single layer solar cell efficiency.
In Table 1 , values in a row no. 1 until row no. 5 are the increment of P type dopant concentration to give the increment result of the efficiency of P-I-N solar cell. The values of n-type dopant were increased as shown by the values in row no. 5 until row no.8 until a maximum efficiency was achieved as shown in row no. 7 which is 4.42 percent. This showed that increment of p-type and n-types dopant concentration will increase the efficiency, but depend on the increment of its opposite layer dopant concentration.
For an example, when p-type concentration increases until a value of efficiency stagnate, increment of its opposite type layer dopant concentration will actually increase the efficiency of P-I-N solar cell. Therefore, increment of opposite type layer dopant concentration after maximizing its dopant concentration will increase the efficiency. However, row of no. 9 explained that the efficiency does not increase but decrease to 4.21 percent. This proven that the maximum efficiency from manipulation of P type and N type dopant concentration is 4.42 percent. In conclusion, the baseline value for P type and N type dopant concentration were 1e21 and 1e21 respectively. For the intrinsic layer, the thickness can be changed in between 0.15 micron and 0.3 micron [15] . In Table 2 , the thickness of intrinsic layer is increased to 2 microns to achieve efficiency of 10.05%, otherwise the efficiency is lower than 10.05%. Therefore, the baseline value for the intrinsic layer thickness is chosed to be 2 µm. The default values of n-doped layer and p-doped layer thickness were not changed since the efficiency of solar cell will be decreased when the thickness were changed as shown in Table 3 and 4. Therefore, baseline values of n-doped layer and p-doped layer thickness were 0.05 microns. 
Simulation of a-SiC/a-SiGe multilayer solar cells
Figure 4 (a) shows the baseline structure with the meshing, thickness of the material region and electrodes; doping statement in Figure 4 (b) specified the doping concentration in each region. The meshing used in x-axis is spaced every 0.2 micron to 1 micron and automatically spaced in the y-axis. Meshing statement "qty.m" and "qtx.m" is used to declare the structure in that dimension of a tunnel junction.
Material thickness of each region is listed in Figure  4 (b) using "y.min" and "y.max". The materials of each region was listed inside the coding using "mat". The tunnel junction is deposited in between a-SiC top layer solar cell and a-SiGe bottom layer solar cell. The material used for tunnel junction is SiC, which is the same material used in the top layer of solar cell. The thickness and the doping concentration of p-type layer and n-type layer are both 0.05 micron and 1 x 10 15 cm -3 respectively. 
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Results and discussions
The optimized results shown in Table 5 were obtained by doing a parametric study on every parameter. Parameters that effect the efficiency increment of a-SiC single layer solar cell obtained from this study were ntype dopant concentration and intrinsic layer thickness while for a-SiGe single layer solar cell is n-type layer thickness. In Figure 5 (a) and (c), open-circuit voltage (V oc ) were 1.85 V same for both (a-SiC and SiC/a-SiGe) and at this time there were no current flows through the circuit and it is the maximum voltage that the solar cell can generate. At Short-circuit current (I sc ) 1.59 mA (aSiC) and 1.97 mA (SiC/a-SiGe), this was where current flow through the circuit when the electrodes are shortcircuited. The I sc of a solar cell depends on the photon flux density incident on the solar cell, which is determined by the spectrum of incident light. In Figure 5 (b) and (d) , maximum power output (P max ) also known as the maximum power point is 2.72 mW for an a-SiC and 3.38 mW for a SiC/a-SiGe solar cell as shown at the peak of the P-V curve. P max is a key parameter since solar cells are used to produce electrical energy. Solar cell produces no power when it is in an open-circuit or short-circuit state. The maximum voltage (V max ) is 1.73 V (a-SiC) and 1.75 V (SiC/a-SiGe) when a solar cell reaches it's maximum power. The maximum current (I max) of the solar cell is 1.57 mA (a-SiC) and 1.93 mA (SiC/a-SiGe) calculated using the following formula I max = P max /V max . The simulated values such as I sc , V oc , V max , I max , P max were collected from Figure 5 and summarized in Table  6 . Fill factor (FF) of 0.92 (a-SiC) and 0.93 (a-SiC/aSiGe) were calculated by using the equation FF=P max /(I sc ×V oc ). The efficiency of optimized a-SiC/aSiGe multilayer solar cell is 33.8 %, while the efficiency of optimized a-SiC single layer solar cell is 27.2 % and this shows an improvement of 6.6%
The n-type dopant concentration of 1 x 10 25 cm -3 is considered highly doped concentration. High n-doped concentration allowed more light to pass through the intrinsic layer to improve the open-circuit voltage and short-circuit. This result supported by A. Kosarian and P. Jelodarian in their research results which shown that high n-doped concentration will increase open-circuit voltage and short-circuit current [21] .
The intrinsic layer of 3.5 µm play very important role to separate electrons and holes that was generated to prevent electron recombine back to holes at valence band. Thus, it improved a-SiC/a-SiGe multilayer solar cell from avoiding additional energy losses.
Conclusions
This work demonstrated the optimization of intrinsic layer thickness, dopant layer thickness and concentration for a-SiC/a-SiGe multilayer solar cell, which improved the efficiency performance. Efficiency of 33.8% of the double layers a-SiC/a-SiGe solar cell which improved 6.6% in efficiency from single layer a-SiC solar cell has been achieved through this research by optimization through parametric study. The results proved that correct material combination can contribute to the increment of solar cell efficiency when compared with the single layer a-SiC solar cell simulated with only 27.2% in efficiency. 
